Mutation of gshT and the gene encoding glutathione reductase (gor) increases
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GSH has also been shown to provide protection from different forms of physiological 50 stress, including reactive oxygen and nitrogen species (ROS/RNS), toxic concentrations of 51 metal ions, as well as osmotic and acid stress (reviewed in (27, 29) ). ROS and RNS, or the 52 toxic by-products of the reactions of these species with cellular components, may be 53 detoxified via direct interaction with GSH, or via specific enzymes such as glutathione 54 peroxidase, which uses GSH to catalyse the reduction of peroxides (3). Glutathione is able to 55 form metal complexes via non-enzymatic reactions (48) and has been associated with heavy 56 metal tolerance in both eukaryotes (32) and prokaryotes (12, 22, 26) . The concentration of 57 GSH in E. coli has been found to increase during osmotic shock and a mutant defective in 
65
Investigations into the role of GSH in bacteria have largely been undertaken using
66
Escherichia coli as the model organism. The role of GSH in Gram-positive species has 67 received significantly less attention, a result of the fact that GSH utilisation is significantly 68 less common in members of this group, compared with their Gram-negative counterparts (7).
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The Gram-positive bacterium Streptococcus pneumoniae is a human pathogen of major 70 significance, causing approximately 1 million deaths in children under 5 years annually (33).
71
The pneumococcus is carried asymptomatically in the nasopharynx of a large proportion of 72 the human population, but is capable of invading deeper sites within the body, resulting in 73 diseases such as otitis media, pneumonia, sepsis and meningitis (6). Analysis of published S. 
MATERIALS AND METHODS
82
Strains and growth conditions. S. pneumoniae virulent serotype 2 strain D39 was routinely 83 cultured on columbia blood agar base supplemented with 5% (v/v) horse blood at 37°C/5% 37°C and OD 600 readings were recorded at 30 minute intervals using a Spectramax 116 spectrophotometer (Molecular Devices). All stress reagents were purchased from Sigma.
117
Statistical analyses were performed using a Mann-Whitney U test, a P value < 0.05 was taken log-transformed data were performed using a two-tailed Student's t-test; a P value < 0.05 was 128 taken as statistically significant. 
RESULTS
132
Identification of the S. pneumoniae glutathione transporter. was found to completely abolish the glutathione reductase activity of pneumococci (Fig. 1C) . to wild-type strain D39 (P = 0.01 during exponential phase), but was able to reach a culture 174 density equivalent to wild-type pneumococci ( Fig. 2A) . The gor mutant strain exhibited 175 growth kinetics nearly identical to wild-type D39 under the same conditions (Fig. 2B) gor mutant strains were able to grow in the presence of 0.5 mM paraquat, the growth rate of 195 these strains was slower (P = 0.047 for both gshT and gor strains +PQ compared to no stress 196 at exponential phase) and the maximum culture density reached was lower than that of wild-
197
type cells under the same conditions (P = 0.004 for both gshT and gor at stationary phase)
198
( Fig. 2A & B) . (Fig. 5C) , and from the nasal tissue at 24 and 225 72 h (Fig. 5D ). The data also illustrate the importance of GshT for pneumococcal 
257
The importance of glutathione uptake and recycling of reduced GSH from GSSG in 258 protecting pneumococci from oxidative stress is evident from the impaired growth rate 259 displayed by the gor and gshT mutants in the presence of the superoxide generator paraquat.
260
Oxidative stress is an unavoidable consequence of growth in an aerobic environment, and which GSH confers this resistance appears to be different to that observed in pneumococci. prior to 72 h, and so only three mice from this group could be processed at this time point.
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